Brassica oilseed crops have very high sulfur requirements. The progressive decrease in the sulfur content of soil, the growing share of cruciferous vegetables in agricultural ecosystems and a significant drop in annual wet and dry deposition of sulfur have prompted a growing body of research into sulfur as a valuable fertilizer ingredient. The aim of this study was to determine the effect of sulfur fertilizers applied to soil on nitrogen, phosphorus, potassium, calcium, magnesium and sulfur concentrations in the root residues, straw and oil cake of winter and spring rapeseed. The experimental material was collected from a field experiment conducted in 2005-2008 at the Agricultural Experiment Station in Bałcyny (Poland).
inTroducTion
Oilseed plants of the family Brassicaceae are good forecrops on account of their high fertilizing value and high biological value of their post-harvest residues. Growing of wheat after winter oilseed rape resulted in an increase of grain yield by ca 0.76-0.98 Mg ha -1 (Sieling et al. 2005 , WesołoWski et al. 2007 , Bednarek et al. 2009 ) and some improvement of quality parameters of flour and bread (JankoWski et al. 2014b) .
The chemical composition of forecrop residues is an important indicator of their fertilizing value (Batalin 1962 , Malicki 1997 . It determines the rate of residue decomposition by soil-dwelling microorganisms, thus affecting the mineralization and humification of soil organic matter and as well as the composition and fertilizing value of humic compounds (Malicki 1997) . In conventional farming systems, crop residues usually induce changes in the 0-15 cm soil layer (Malhi, leMke 2007) .
In an early study of traditional winter rapeseed cultivars characterized by a high content of erucic acid and glucosinolates (GLS), Batalin (1962) observed that root residues contained high levels of nitrogen and potassium (16 and 14 g kg -1 DM), moderate levels of calcium (9 g kg -1 DM) and low levels of phosphorus (4 g kg -1 DM). kotecki et al. (2001), while Jasińska et al. (2002) observed insignificant differences in the chemical composition of root residues (roots and stubble) between double-low varieties of winter rapeseed (with a reduced content of erucic acid and GLS) and traditional varieties. The roots of double-low varieties accumulate mostly potassium and calcium, and are less nitrogen abundant. The highest concentrations of potassium (24 g kg -1 DM) are found in roots of double-low varieties of spring rapeseed. Nitrogen, phosphorus and calcium levels are nearly two-fold lower, magnesium concentrations are 10-fold lower, and sulfur levels are 20-fold lower than potassium concentrations (szczeBiot, oJczyk 2002) .
In a study by spiak et al. (2007) , the average nitrogen content of winter rapeseed straw was determined in the range of 4.0 to 4.7 kg -1 DM. Excessive potassium and calcium uptake by plants leads to several-fold higher concentrations of those elements in vegetative organs than in seeds. In the cited study, potassium concentrations in straw were estimated at 7.4-11.2 g kg -1 DM, and they were two-fold higher than in seeds. Calcium levels reached 20 g kg -1 587 DM in the vegetative organs of winter rapeseed plants, but did not exceed 4 g kg -1 DM in the seeds. Winter rapeseed straw had a relatively low content of phosphorus (0.7-0.8 g kg -1 DM) and magnesium (0.7-1.0 g kg -1 DM) (spiak et al. 2007 ). In the work of WyszkoWski and WyszkoWska (2004) , the aerial parts of spring rapeseed plants accumulated high concentrations of nitrogen and potassium (15 and 19 g kg -1 DM), moderate levels of calcium (9 g kg -1
DM) and low levels of phosphorus and magnesium (2 and 3 g kg -1 DM). The oil cake and meal of winter rapeseed are most nitrogen abundant (48 g kg -1 DM). The concentrations of potassium, phosphorus, calcium and sulfur are 4.4-, 5.3-, 7.8-and 9.2-fold lower, respectively, than nitrogen levels (kaleMBasa, adaMiak 2010). Nitrogen concentrations are generally higher in the oil cake and meal of spring oilseed plants than of winter rapeseed (Malarz 2008 , JankoWski et. al 2015 . The oil-free seed residues of spring rapeseed contain mostly phosphorus (approximately 10 g kg -1 DM) but their calcium and magnesium content is nearly two-fold lower than their phosphorus content (Bell et al. 1999) .
In comparison with other crops, oilseed crops of the family Brassicaceae have high sulfur requirements, mainly attributable to their ability to synthesize glucosinolates (GLS), biologically active compounds. All GLS contain sulfur and glucose, but they differ in the structure of aglycone, which determines the properties of those compounds (zukalová, vašák 2002) . In Brassicaceae plants, sulfur fertilization, even at optimal dosage, increases GLS concentrations in roots, straw and seeds (oil cake) (JankoWski et al. 2015) . Higher GLS concentrations in plant tissues strongly influence the plant-soil -pest/pathogen system (troczyńska 2005). Sulfur fertilization can modify the pH and microbial activity of soil, which affects the biomass quality of sulfur -loving plants. The above can increase the concentrations of selected elements in plant tissue, in particular heavy metals (Salt et al. 1995 , chlopecka et al. 1996 , Blaylock et al. 1997 , Chaignon et al. 2002 , Cui et al. 2004 . In a study by JankoWski et al. (2014a) , sulfur fertilization increased manganese levels and decreased copper concentrations in the root residues of spring and winter rapeseed, whereas zinc levels increased only in the roots of winter rapeseed. When applied to soil, sulfur increased the zinc and manganese content of winter rapeseed straw, but did not differentiate their concentrations in spring rapeseed straw. Sulfur fertilization led to a significant increase in zinc and manganese levels in winter rapeseed oil cake and a significant decrease in the manganese content of spring rapeseed oil cake (JankoWski et al. 2014a) . Sulfur disturbs the rhizosphere balance, and it can also strongly affect macronutrient uptake by rapeseed plants (podleśna 2004) . A pot experiment conducted by kaczor and BrodoWska (2003) revealed that sulfur fertilization modifies the anion composition of winter rapeseed plants. This is an important consideration in agricultural production because mineral concentrations in plant tissues influence the rate of plant growth and development as well as the resistance to disease, freezing and other stressors during the growing season. By modifying the mineral content of sulfur-loving plants, sulfur fertilization can significantly influence the fertilizing value of their post-harvest residues (roots, straw) and the quality of plant material for oil extraction, measured by the chemical composition of seeds (JankoWski 2014ac).
The objective of this study was to determine the macronutrient (N, P, K, Ca, Mg and S) content of the root residues, straw and oil cake of winter and spring rapeseed fertilized with sulfur applied to soil.
maTerial and meThods

Field experiment
The field experiment was conducted in 2005-2008 at the Agricultural Experiment Station in Bałcyny (N = 53°35′49″; E = 19°51′20.3″). The experimental variables were:
first-order variable -a botanical form of rapeseed: winter rapeseed, spring rapeseed; second-order variable -a dose of sulfur fertilizer applied to soil: (-S) control -no sulfur fertilization, (+S) winter rapeseed -60 kg ha -1 ; spring rapeseed -40 kg ha -1 . The experiment had a completely randomized design with three replications. The plot size was 18 m 2 . Each year, the experiment was established on silty grey-brown podsolic soil developed from light loam (agricultural suitability class II on the Polish soil classification scale). The soil had a slightly acidic pH ranging from 5.75 to 6.39 in 1 M KCl. Soil nutrient levels were as follows: 1.47-1.75% C org , 85-143 mg kg -1 P, 104-133 mg kg -1 K, 51-103 mg kg
Mg, 10-25 mg kg -1 SO 2--2.8-4.4 mg kg -1 Cu, 11-23 mg kg -1 Zn and 180--235 mg kg -1 Mn. The C org content of soil was determined with the use of the modified Kurmies method. pH was measured with an electronic pH meter with temperature compensation (20°C) in deionized water and 1 M KCl in a 5:1 ratio. Plant-available phosphorus and potassium were extracted with calcium lactate solution (the Egner-Riehm method). Phosphorus concentrations were determined by the vanadium molybdate yellow colorimetric method, and potassium levels -by atomic emission spectrometry (AES). Magnesium was extracted with 0.01 M CaCl 2 , and magnesium concentrations were determined by atomic absorption spectrophotometry (AAS). Soil micronutrients (copper, zinc, manganese) were extracted with 1 M HCl and their concentrations were determined by AAS. Sulfate sulfur was determined by extracting a soil sample with acetate buffer in accordance with the method proposed by Bardsley and Lancaster.
The performed farming operations are presented in Table 1 . Phosphorus was applied to soil as triple superphosphate, potassium -as 60% potash salt, sulfur -as ammonium sulfate, nitrogen -as ammonium nitrate (-S) or as 589 ammonium sulfate and ammonium nitrate (+S). In winter rapeseed treatments, sulfur was applied with the first spring rate of nitrogen fertilizer. In spring rapeseed treatments, sulfur was applied with the pre-sowing rate of nitrogen.
Rapeseed was harvested at two stages upon the achievement of processing maturity. Winter and spring rapeseed plants were cut at a height of 8 cm. The biomass yield per 1 ha of spring and winter rapeseed was presented by JankoWski et al. (2014a) .
Determination of macronutrient concentrations in biomass
Macronutrient concentrations (N, P, K, Ca, Mg, S) were determined in the root residues (roots and stubble), straw and oil cake of winter and spring rapeseed on a dry matter basis. Samples for chemical analyses (roots with stubble, straw and seeds) were collected upon harvest. Roots with stubble and soil were sampled with a steel cylinder (diameter of 22.6 cm, area of 400 cm 2 ) to a depth of 30 cm. The samples were rinsed with water in a sieve with 1 mm mesh size. Seed samples were cold pressed in a laboratory press with the estimated output of 50 kg h -1 . The oil content of cake ranged from 127 g kg -1 DM (winter rapeseed) to 129 g kg -1 DM (spring rapeseed). Samples of dried roots with stubble, straw and oil cake were ground in a laboratory mill. The samples were wet mineralized in H 2 SO 4 , and N org concentrations were determined by the Kjeldahl method, P concentrations -by the vanadium-molybdenum method, K and Ca concentrations -by the flame atomic emission spectrometric method (ESA), and Mg concentrations -by AAS. Total sulfur was determined turbidimetrically in plant material that had been incinerated with nitric acid and magnesium nitrate to sulfate form. The results were checked against certified reference materials (CTA VTL-2) with the error of: P -4.5%, K -2%, Ca -2.8%, Mg -1.5%.
Statistical analysis
The results of chemical analyses were processed by analysis of variance (Anova) in accordance with the experimental method. The average values of the tested parameters from each treatment were compared by the Duncan's test (P ≤ 0.05). Data were processed in the Statistica 10.1 PL application.
resulTs and discussion
Root residues
kotecki et al. (2001) and Jasińska et al. (2002) demonstrated that the root residues (roots and stubble) of winter rapeseed accumulate mainly potassium (8.0-8.3 g kg -1 DM), calcium (7.7-8.6 g kg -1 DM) and nitrogen (6.6-7.1 g kg -1 DM). Phosphorus and magnesium concentrations in the roots and stubble of winter rapeseed were five-to six-fold lower than nitrogen, potassium and calcium levels. The roots of spring rapeseed accumulated high levels of potassium (24.4 g K kg -1 DM) and moderate levels of nitrogen, phosphorus and calcium (8.7-9.9 g kg -1 DM). The magnesium and sulfur content of spring rapeseed roots was five-fold and seven-fold lower, respectively, than the average nitrogen, phosphorus and calcium concentrations (SzCzeBiot, oJczyk 2002) .
The roots of both winter and spring rapeseed accumulated significant amounts of potassium (16-19 g kg -1 DM) - Table 2 . The concentrations of the remaining macronutrients in rapeseed roots were from two-fold (N, Ca) to 11-fold (P, Mg, S) lower than potassium levels on average. In general, higher quantities of macronutrients were accumulated by the roots of winter rapeseed than spring rapeseed. Statistically significant differences between the botanical forms of rapeseed were noted in magnesium, calcium and sulfur levels. Magnesium and sulfur concentrations were from 1.8-to 1.9-fold higher, and calcium concentrations were 2.6-fold higher in the root residues of winter rapeseed, compared with spring rapeseed (Table 2) .
Sulfur fertilization significantly differentiated the chemical composition of the root residues of winter and spring rapeseed (Figure 1 ). Sulfur fertilizers applied to soil significantly decreased nitrogen concentrations (0.4-0.6 g kg -1 DM), but increased calcium (0.6-1.3 g kg -1 DM) and sulfur (0.5-0.7 g kg -1
DM) levels in the roots of both winter and spring rapeseed. Sulfur fertilization had a varied impact on phosphorus and potassium concentrations in the roots of winter and spring rapeseed. Winter rapeseed roots accumulated si-591 gnificantly more (by around 0.2 g kg -1 DM) phosphorus in fertilized treatments, whereas phosphorus levels in spring rapeseed roots did not vary significantly in response to fertilization. In fertilized treatments, potassium concentrations decreased (by 0.7 g kg -1 DM) in winter rapeseed roots, but increased (by 1.2 g kg -1 DM) in spring rapeseed roots (Figure 1 ).
straw
In a study by spiak et al. (2007), winter rapeseed straw accumulated significant amounts of calcium (around 19.9 g kg -1 DM), and the concentrations of the remaining macronutrients were determined at 9.5 (K), 4.3 (N), 0.8 (P) and 0.8 (Mg) g kg -1 DM (spiak et al. 2007 ). The straw of spring rapeseed is also an abundant source of calcium (11.3 g kg -1 DM on average), but it contains less of this element than winter rapeseed. The concentrations of the remaining macronutrients were similar in the compared rapeseed forms (spiak et al. 2007 (spiak et al. , ciuBak 2009 ). In our study, the differences in the macronutrient content of straw between winter and spring rapeseed were less unidirectional than those observed in root residues (Table 2 ). Potassium and magnesium were the only macronutrients noted in higher quantities in the straw of winter rapeseed than spring rapeseed (by 2.7 and 0.3 g kg -1 DM, respecti- vely). The remaining macronutrients (N, P, Ca and S) were reported in higher concentrations in spring rapeseed straw than in winter rapeseed straw (Table 2) . Sulfur fertilization significantly differentiated nitrogen, potassium, calcium and sulfur concentrations in the straw of both rapeseed forms, but it did not induce any changes in phosphorus and magnesium levels ( Table 2 ). In the work of podleśna (2004), sulfur fertilizers also had a weak effect on phosphorus and magnesium levels in winter rapeseed straw. In our study, the application of sulfur fertilizer at optimal doses for winter and spring rapeseed led to a significant increase in the potassium (by 1.7 and 1.3 g kg -1
DM, respectively) and sulfur (by 0.5 and 0.6 g kg -1 DM, respectively) content of straw (Table 2, Figure 2 ). Sulfur fertilization had a different effect on nitrogen and calcium levels in the straw of winter and spring rapeseed. The applied fertilizers significantly increased (by approximately 1.3 g kg -1 DM) calcium concentrations, but did not affect nitrogen levels in winter rapeseed Fig. 2 . The effect of sulfur fertilization on the macronutrient content of straw of winter and spring rapeseed (rapeseed form× sulfur fertilization interaction) in [2005] [2006] [2007] [2008] straw. In spring rapeseed, sulfur fertilization significantly lowered the nitrogen and calcium content of straw by 0.7 and 0.6 g kg -1 DM, respectively (Figure 2). In a study by podleśna (2004), sulfur fertilizers applied to soil at 80-100 kg ha -1 in autumn led to a significant increase in nitrogen (by 1.0 g kg -1 DM) and calcium (by 0.13 g kg -1 DM) concentrations in straw.
Oil cake
The potential fertilizing value of oil-free residues of winter rapeseed can be attributed to high concentrations of nitrogen (32.0-48.0 g kg -1 DM), potassium (7.7-11.1 g kg -1 DM), phosphorus (approximately 7.4-9.0 g kg -1 DM), sulfur (5.2-9.2 g kg -1 DM) and calcium (4.8-6.1 g kg -1 DM) (podleśna 2004, kaleMBasa, adaMiak 2010).
The oil cake and meal of spring oilseed plants are generally more macronutrient abundant compared with winter rapeseed. In a study by Malarz (2008) , spring rapeseed meal contained 57.4 to 68.8 N kg -1 DM. In the work of (JankoWski et. al. 2015) , oil-free residues of spring rapeseed accumulated approximately 42 g N kg -1 DM. An analysis of the chemical composition of oil-free residues of winter rapeseed (podleśna 2004) and spring rapeseed (Bell et al. 1999) clearly indicates that the spring form is richer in P, Ca and Mg than the winter form. In our study, spring rapeseed oil cake contained more nitrogen (by 7.2 g kg -1 DM), phosphorus (1.2 g kg -1 DM) and sulfur (by 0.6 g kg -1 DM) on average than winter rapeseed oil cake. Winter rapeseed oil cake was characterized by significantly higher concentrations of potassium (by 1.0 g kg -1 DM) and calcium (by 0.8 g kg -1 DM) than spring rapeseed oil cake (Table 2) .
In spring rapeseed treatments, sulfur fertilization significantly increased the concentrations of all analyzed macronutrients in oil cake (Table 2, Figure 3) . Sulfur fertilizers applied to winter rapeseed contributed to a significant decrease in the nitrogen content of oil cake (by 1.0 g kg -1 DM), but did not lead to significant differences in its phosphorus levels (Fig. 2) . The concentrations of the remaining macronutrients (K, Ca, Mg and S) increased in winter rapeseed oil cake in response to sulfur fertilization (Table 2, Figure 3) . In a study by podleśna (2004), sulfur fertilizers exerted a much weaker effect on the macronutrient content of winter rapeseed than in our experiment. In the cited study, nitrogen and sulfur concentrations increased significantly (by 2.2 and 0.8 g kg -1 DM, respectively) in winter rapeseed in response to sulfur fertilizer applied at 80-100 kg S ha -1 in autumn. Sulfur fertilization did not lead to significant differences in the content of the remaining macronutrients (P, K, Ca, Mg) in winter rapeseed (podleśna 2004) . The reason of weaker response of sulfur fertilizer on content remaining macronutrients in winter rapeseed in podleśna (2004) trial was the date of sulfur application. The applied complete sulfur dose (as potassium sulfate, simple superphosphate and ammonium sulfate) was applied before sowing under conditions of well-drained soil classified to the very good rye complex.
